ABSTRACT: We present a CMOS-based hybrid microfluidic system that combines the manipulation of magnetic microparticles through a magnetic field with in situ optical detection via single photon avalanche diodes (SPADs). Magnetic particles are actuated within a glass micro-capillary and are detected upon passage over the SPAD, where they block incident light and thus lower the photon count. The optical sensors, which are not influenced by the magnetic actuation forces, allow detecting the presence of magnetic particles of 30, 5 and 1 pm diameter, while being able to distinguish between different sizes.
INTRODUCTION
; Magnetic microparticles and their application in CD microfluidics and bioanalytical microsystems have been steadily gaining interest in recent years [1] [2] [3] . The manipulation of such particles can be = c achieved by modulating the topology of a magnetic field over the chip surface via an array g > of micro-coils [4, 5] . This method allows a very ?O°precise control of the microparticles and does not B < require external moving parts. In our system the magnetically actuated particles are detected optically. Thus, advantageously, the principles used for actuation and detection are not coupled and permit high sensitivity. In addition, due to the speed and accuracy of sensing, it is conceivable to implement stable and effective feedback mechanisms to ensure actuation reliability and precision. 
O:
The actuation of the magnetic particles is achieved via a three-phase current scheme [5] . If one coil is set to attractive mode, the adjacent°t coils are both in repulsive mode. To When a photon is absorbed in the multiplication region, an avalanche is triggered. Thanks to a resistance placed in series to the p-n junction, the In this design, avalanche quenching, which in combination with the recharge time determines the dead time and thus the detection cycle of a SPAD, is achieved through a passive method. The measured dead time of 40 ns resulting in a detection saturation of 25 MHz is well below the time a particle requires for its transit between coil centers. The voltage pulse generated during a detection cycle is regenerated and converted to a digital pulse by an inverter. The probability that a digital pulse is generated upon impinging photons, the photon detection probability (PDP), is plotted in Fig. 4 The detection scheme, depicted in Fig. 5 , is based on the idea of the particles casting a shadow on the SPAD when passing over the center of the attracting coil. Thus the number of impinging photons is reduced and the number of counts decreased. The reduction of the photon count can also give an indication towards the particle size. 
EXPERIMENTS AND RESULTS
We examined the magnetic performance of the system by manipulating magnetic particles ol different diameters (1, 5 We adjusted the light intensity of the microscope to prevent the optical detectors from going into saturation. All experiments were performed using dispersed magnetic particles, which formed loose cluster over the attractive coils' centers. Fig. 6 presents the particle transport and a plot of the signal obtained from a selected detector during the repeated passage of a group of 30 pm magnetic microparticles. It can be seen in the graph that the photon count is significantly lowered while a particle is present over the coil center. This is due to the occlusion of light caused by the particles, as is well in accordance with our expectations. In addition we see that the particle size can influence the strength of the obtained signal. The particles of situation 2 and 4 in Fig. 6 have different sizes and the photon count for the larger particle (2) is smaller than for the particle in situation 4. We examined this effect further using particles of 1 pm and 5 pm diameter. Fig. 7 shows the signals obtained from these experiments. We normalized the photon count since the starting count differs between experiments. As already observed in earlier experiments, we can see that larger particles show a stronger effect on the frequency of events counted by the detector Hence, the time of occlusion and the number ol particles involved can be determined in a strictly quantitative fashion.
We also observed a dependence of the signal or the position of larger particles over the SPAD Since the active surface of the detector has a diameter of 8 pm, the signal will vary depending on the fraction of the particle's shadow that fall onto the sensitive surface. This effect is visible ir Fig. 7 for the particles of 5 Figure 7 . The signal of a SPAD output for different particle sizes. In both cases a cloud of particles was passing over the SPAD, casting shadows of different size and density.
In addition we expect an asymptotic behavior of the particle size sensitivity, since every shadow that is larger than the sensing surface will yield the same signal. This hypothesis needs to be confirmed in future experiments. 3 . CONCLUSION Using a CMOS microsystem for magnetic particle actuation with integrated optical detection elements we are able to move and detect magnetic particles of 1 to 30 pm diameter. Since the principles of actuation and detection are not coupled, it will be possible in the near future to use the particles as mobile substrates to transport bio-materials of interest, e.g. cells, and to perform on-chip analysis without interference between actuation and detection. In conclusion we can state that the combination of magnetic actuation and integrated optical detection represents a promising approach to miniaturized systems for on-chip bio-analysis.
